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INTRODUCTION 

The s t u d i e s  on  combustion of heavy f u e l  o i l  a r e  
impor t an t  because  o f  t h e  ex tended  u s e  o f  t h i s  f u e l  as an ene rgy  
source  f o r  t h e  p r o d u c t i o n  o f  e l e c t r i c i t y ,  W i t h  t h e  con t inuous  
i n c r e a s e  i n  t h e  e x t r a c t i o n  o f  p r o d u c t s  from c r u d e  o i l ,  t h e r e  
e x i s t s  a c o n t i n u o u s  d e g r a d a t i o n  i n  the  q u a l i t v  o f  t h e  r e s i d u e  
t h a t  is t o  be burned  i n  a u t i l i t v  b o i l e r .  The d e q r a d a t i o n  of 
t h e  q u a l i t y  i n  t h e  r e s i d u a l  o i l ,  means a h i q h e r  s u l f u r  c o n t e n t  
i n  t h e  f u e l ,  h i g h e r  a r o m a t i c i t y ,  and h i g h e r  a s p h a l t e n e  and 
metal l ic  c o n t e n t .  Some o f  t h e s e  s p e c i e s ,  y i e l d  p r o d u c t s  o f  
combustion which  are a g g r e s s i v e  t o  b o t h  t h e  envi ronment ,  and 
s o m e  of t h e  components w i t h i n  t h e  b o i l e r .  It  i s  b e l i e v e d  (1) 
t h a t  an u n d e r s t a n d i n g  of why and how p o l l u t a n t s  form, must 
come from a n  u n d e r s t a n d i n g  of t h e  chemica l  k i n e t i c s  i n  the 
flame. That  is, i n  order t o  p r o t e c t  t h e  env i ronmen t ,  and i n c r e a s e  
t h e  a v a i l a b i l i t y  o f  a l a r g e  b o i l e r  more research i s  needed t o  
unders tand  t h e  c h e m i s t r y  o f  o x i d a t i o n  o f  complex f u e l  mix tu res .  

Var ious  a u t h o r s  (2-6) have p o i n t e d  o u t  t h e  p o t e n t i a l i t y  
o f  t h e  d i f f e r e n t  t e c h n i q u e s  i n  the rma l  a n a l y s i s  f o r  t h e  

c h a r a c t e r i z a t i o n  o f  pe t ro lum p r o d u c t s  and coal. However, v e r y  
l i t t l e  k i n e t i c  i n f o r m a t i o n  has  been e x t r a c t e d  f rom t h e  s t u d i e s  
which i n v o l v e  t h e  u s e  o f  t h e r m o a n a l v t i c a l  t e c h n i q u e s .  The' 
chemica l  k i n e t i c s  of thermo-oxida t ive  p r o c e s s e s  i n  f u e l s ,  may 
c o n t r i b u t e  t o  a l a r g e  e x t e n t  t o  t h e  u n d e r s t a n d i n g  o f  t h e  c h e m i s t r y  
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Of oxidation of such mixtures. Weber ( 2 ) ,  has reported the 
potencial utilization of differencial thermal analysis (DTA) 
to obtain kinetic parameters for the oxidation of hydrocarbons. 
He concluded, though, that for the kinetics of oxidation of 
heavy fuel oil no theory for DTA could yet be used, because of 
the complexity of the thermograms. Adonyi ( 3 1 ,  has shown that 
kinetics may be obtained for petroleum products by means of DTA, 
and thermogravimetric techniques (TG). More recently, Noel and 
Cranton ( 4 ) ,  have measured the activation energy, Ea, for the 
oxidation of lube oil by differential scanning calorimetry (DSC). 
These authors make the observation that more research is necessary 
in order to have a better understanding of the results observed by 
DSC. Smith et al. (7), have used TG to measure the rate, and the 
Ea for the oxidation of sixty-six coal samples. Valayavin et al. 
( 8 1 ,  utilized TG to study the thermolysis of high molecular weight 
petroleum residues, and established a reaction rate law as a function 
of the viscosity of the medium and a diffusion parameter. 

In the present w o r k ,  we have utilized 3 S C  to study the 
thermal oxidation of four samples of mexican fuel oil. We have also 
obtained kinetic parameters such as the overall activation energy 
for the oxidation of the fuel at low temperature (200 - 55OOC). 

EXPERIMENTAL 

The experimentation was carried out by means of a DuPont 
Thermal Analyzer Model 990 with its standardDSC attachment. The 
instrument was calibrated with Indium. The temoerature was varied 
from 20 to 55OOC with a scanning rate of 10°C/min. The sensitivities 
used were 20  and 50 mV/cm. The sample and reference pans were made 
of aluminum, and the sample weight was kept at around 2 mg. Four 
different samples of mexican fuel oil # 6 were analyzed, and the 
experiments were performed with a constant flow of nitrogen, oxygen 
or a mixture of both. The flow rates, and the 02/N2 ratios utilized 
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t h roughou t  t h e  e x p e r i m e n t s  are shown i n  Table 1. 

RESULTS AND DISCUSSION 

Experiments w i t h  p u r e  n i t r o g e n  f low d i d  n o t  show any  
endothermic  r e a c t i o n ,  b u t  a g r a d u a l  d i s p l a c e m e n t  from t h e  base 
l i n e ,  e s p e c i a l l y  above  300OC. T h i s  d i s p l a c e m e n t  i n d i c a t e s  t h a t  
t h e  e v a p o r a t i o n  o f  some compounds i n  t h e  f u e l  h a s  ocu r red .  A 

r e s i d u e  was obse rved  i n  t h e  sample pan a f t e r  t h e  run  w a s  comple ted .  
F i g u r e  1 shows a t y p i c a l  thermogram o b t a i n e d  w i t h  pu re  oxygen 
f low.  T h i s  thermogram es v e r y  s i m i l a r  t o  t h o s e  shown i n  t h e  
l i t e r a t u r e  for t a r  s a n d s  ( 2 ) ,  or h i g h  a s p h a l t e n e  c rude  o i l  (9), 
which may show t h e  q u a l i t y  or t h e  c h a r a c t e r i s t i c s  o f  t h e  f u e l .  
Indeed ,  t h e  f u e l  s t u d i e d  h e r e  h a s  a > 10% a s p h a l t e n e  c o n t e n t ,  and 
z 3% s u l f u r .  I n  f i g u r e  1, it i s  obse rved  a s m a l l  exo the rmic  r e a c t i o n  
zone (zone 1) a t  - 3OO0C, and a larger zone (zone  2 ) ,  also 
exo the rmic ,  which starts a t -  400OC. S e v e r a l  s m a l l  peaks are shown 
a t  t h e  low t e m p e r a t u r e  s i d e  o f  t h e  second zone. I t  i s  a l s o  obse rved  
a r a p i d  f a l l - o f f  o f  t h e  s i g n a l  a f t e r  t h e  maximum has  been  r eached .  
A l l  t h e  sample w a s  consumed d u r i n g  t h e  expe r imen t s  w i t h  h i g h  oxygen 
c o n c e n t r a t i o n  i n  t h e  g a s  flow. F i g u r e  2 ,  p r e s e n t s  a thermogram 
o b t a i n e d  w i t h  a l o w  oxygen c o n c e n t r a t i o n  i n  t h e  gas  flow. I t  is  

observed t h a t  t h e  r e a c t i o n  zone i s  s h i f t e d  towards  h i g h e r  
t empera tu res .  

From t h e  c a l i b r a t i o n  of t h e  i n s t r u m e n t  w i t h  I n ,  it was 
c a l c u l a t e d  t h a t  t h e  s e n s i t i v i t y  of 20  mV/cm cor responded t o  43.5 
mcal/min-an. Tab le  2 shows t h e  r e s u l t s  fo r  t h e  h e a t  o f  r e a c t i o n  
measured f o r  bo th  exo the rmic  zones i n  t h e  thermograms. The v a l u e s  
i n  T a b l e  2 range from as h i g h  a s  3.3 Kcal/g f o r  t h e  expe r imen t s  
w i t h  p u r e  0 2 ,  t o  as l o w  as 1.4 Kcal/g f o r  t h e  expe r imen t s  w i t h  a 
1 : 9  02/N2 ra t io .  These  v a l u e s  f o r  t h e  h e a t  of r e a c t i o n ,  are l o w  

i f  t h e y  are compared w i t h  t h e  u s u a l  h e a t  c o n t e n t  of t h e s e  f u e l s ,  
which i s  .. 10 Kcal/g. O the r  r e p o r t s  (41, have  also measured s imi la r  
h e a t s  of r e a c t i o n  t o  t h o s e  r e p o r t e d  h e r e ,  and  u t i l i z i n g  a s imi l a r  
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t echn ique .  The d i f f e r e n c e  between o u r  v a l u e s ,  and t h e  v a l u e  
Of  10 Kcal/g f o r  t h e  h e a t  c o n t e n t  o f  t h e  f u e l  are e x p l a i n e d  
as fo l lows:  1) F i r s t ,  w e  have  a f l o w  sys t em i n  which w e  are 
c o n t i n u o u s l y  c a r r y i n g  away h e a t  from t h e  r e a c t i o n  enve lope .  
2 )  Second, most p r o b a b l y ,  w e  do n o t  have a complete o x i d a t i o n  
of t h e  f u e l .  That  i s ,  w e  do n o t  have a comple te  a d i a b a t i c  
combustion-type o f  expe r imen t  from which t h e  h e a t  c o n t e n t  of 
t h e  f u e l  is normal ly  e v a l u a t e d .  I t  must b e  obse rved ,  t h a t  t h e  
ex t reme v a l u e s  f o r  t h e  h e a t  o f  r e a c t i o n  i n  t a b l e  2 w e r e  o b t a i n e d  
for exoe r imen t s  w i t h  approx ima te ly  t h e  s a m e  t o t a l  f l ow.  The  o n l y  
d i f f e r e n c e  among b o t h  expe r imen t s  i s  t h e  oxygen c o n c e n t r a t i o n .  
S i m i l a r  f e a t u r e s  w e r e  obse rved  i n  o t h e r  i n v e s t i g a t i o n s  where 
TG and DTA w e r e  used  (2,9), and i n  which t h e  p r e s s u r e  o f  a i r  
i n s i d e  t h e  r e a c t i o n  device w a s  v a r i e d .  That  i s ,  t h e  a c t u a l  
oxygen c o n c e n t r a t i o n ,  and a v a i l a b i l i t y  f o r  t h e  f u e l  w a s  ,varied. 
W e  may conclude  t h a t  d i f f e r e n t  r e a c t i o n  channe l s  a r e  b e i n g  
fo l lowed a c c o r d i n g  t o  t h e  oxygen c o n c e n t r a t i o n .  Hence, d i f f e r e n t  
h e a t s  of r e a c t i o n  are measured f o r  t h e  expe r imen t s  w i t h  p u r e  02, 
and f o r  expe r imen t s  w i t h  a 1 : 9  O2/N2 ra t io .  

I n  o r d e r  t o  o b t a i n  k i n e t i c s  pa rame te r s  from the  

thermograms, w e  u t i l i z e d  t h e  t h e o r y  o f  Borcha rd t  and D a n i e l s  
(10). The zones  I and I1 i n  t h e  thermograms w e r e  t r e a t e d  indepefl  
d e n t l y ,  and it w a s  assumed a r e a c t i o n  o f  p s e u d o - f i r s t  order. A 

p s e u d o - f i r s t  o r d e r  k i n e t i c s  i m p l i e s  a f i r s t  order r e a c t i o n  w i t h  
r e s p e c t  t o  t h e  f u e l ,  and  a c o n s t a n t  oxygen c o n c e n t r a t i o n .  The 

la t te r  assumpt ion  i s  c l e a r l y  j u s t i f i e d  f o r  t h e  e x p e r i m e n t s  w i t h  

a h i g h  oxygen c o n t e n t  i n  t h e  g a s  flow. A f i r s t  o r d e r  r e a c t i o n  
w i t h  respect t o  t h e  f u e l  may b e  j u s t i f i e d  th rough  the r e s u l t s  . 
F i g u r e  3 and 4 show t h e  Ar rhen ius  p l o t  for t h e  zone I o f  the 
thermograms. The r e s u l t s  i n  f i g u r e  3 a r e  f o r  t h e  e x p e r i m e n t s  
w i t h  pu re  oxygen; whereas  t h o s e  i n  f i g u r e  4 p r e s e n t  the e x p e r i m e n t s  
w i t h  low c o n c e n t r a t i o n s  o f  02 i n  t h e  g a s  f low.  For  t h e  d a t a  i n  
f i g u r e  3 it i s  p o s s i b l e  t o  draw t w o  d i f f e r e n t  s t r a i g h t  l i n e s .  
Thus, t w o  d i f f e r e n t  a c t i v a t i o n  e n e r g i e s  a r e  o b t a i n e d ,  one  of 
1251 Kcal/mol, and a h i g h e r  one  o f  222 1 Kcal/mol. From t h e  d a t a  
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i n  f i g u r e  4 ,  o n l y  one  a c t i v a t i o n  energy  h a s  been o b t a i n e d  w i t h  
a v a l u e  o f  1621 K c a l / m o l .  The lower v a l u e  f o r  E a  i n  t h e  e x p e r i -  
ments w i t h  p u r e  O2 o c c u r s  a t  t h e  h i g h e r  t e m p e r a t u r e s  o f  zone I 
i n  t h e  thermograms. Thus,  it i s  p o s s i b l e  t h a t  d i f f u s i o n  c o n t r o l l e d  
r e a c t i o n s  o c c u r  a t  these t empera tu res .  I n  f a c t ,  it has been found 

( 8 )  t h a t ,  the t h e r m o l y s i s  of pe t ro l eum r e s i d u e s  i n  a TG e x p e r i -  
ment i s  h i g h l y  i n f l u e n c e d  by  d i f f u s i o n  p r o c e s s e s .  The r e s u l t s  
i n  f i g u r e  4 ,  a l o n g  w i t h  t h e  r e s u l t s  o f  t h e  h e a t  o f  r e a c t i o n  f o r  
the expe r imen t s  w i t h  a poor  oxygen c o n c e n t r a t i o n ,  i n d i c a t e  t h a t  
a d i f f e r e n t  r e a c t i o n  scheme i s  b e i n g  fo l lowed.  T h i s  l a s t  statment 
s h o u l d  be  s u p p o r t e d  by  t h e  i d e n t i f i c a t i o n  o f  t h e  r e a c t i o n  p r o d u c t s .  

F i g u r e s  5 and  6 show t h e  r e s u l t s  f o r  zone I1 i n  t h e  
thermograms. F i g u r e  5 p r e s e n t s  t h e  r e s u l t s  f o r  t h e  p u r e  0 2  e x p e r i -  
ments ,  and f i g u r e  6 p r e s e n t s  t h e  d a t a  f o r  t h e  expe r imen t s  w i t h  
a l o w  oxygen c o n c e n t r a t i o n .  I n  t h i s  case, w e  on ly  o b t a i n  one  
a c t i v a t i o n  e n e r g y  f o r  t h e  p u r e  oxygen d a t a  ( f i g u r e  5) Ea=36+1 
Kcal/mol. I n  f i g u r e  6 w e  o b s e r v e  a s t r a i g h t  l i n e  o n l y  f o r  the 

expe r imen t s  w i t h  a 1 :3  0 2 / N 2  r a t i o ,  and g a s  f lows  o f  4 1  ml/min 
and 87 ml/min. The rest o f  t h e  data  p o i n t s  i n  f i g u r e  6 show large 
d e v i a t i o n s  from a s t r a i g h t  l i n e .  These d e v i a t i o n s  i n  t h e  e x p e r i -  
ments,  w i t h  the l o w e s t  oxy gen  c o n c e n t r a t i o n  i n  t h e  g a s  f l o w ,  
s e e m  t o  i n d i c a t e  t h a t  w e  may no l o n g e r  assume a p s e u d o - f i r s t  
o r d e r  k i n e t i c s .  

The v a r i o u s  t e c h n i q u e s  i n  t h e r m a l  a n a l y s i s ,  may be v e r y  

u s e f u l  t o  o b t a i n  a n  o v e r a l l  v i e w  o f  t h e  o x i d a t i o n  r e a c t i o n s  for 
mix tu res  as complex as t h e  heavy f u e l  o i l .  T h i s  overal l  p i c t u r e ,  
may i n c l u d e  q u a n t i t a t i v e  i n f o r m a t i o n  such  a s  a c t i v a t i o n  e n e r g i e s .  

I n  g e n e r a l ,  w e  believe t h a t  t h e s e  s t u d i e s  may serve as a b a s i s  
to u n d e r s t a n d  more complex o x i d a t i o n  r e a c t i o n s  such  a s  t h o s e  
o c c u r i n g  w i t h i n  a f lame.  
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TABLE 2 

SAMPLE 

#1 
#2 
#3 
#4 
#4 
#4 
#4 
#4 
#4 

HEAT OF REACTION 

FLOW RAT1 0 

( m l / m i  n ) 02:N2 

90 
90 
90 
98 
89 
87 
9 1  
4 1  
24 

l : o  
l : o  
l : o  
l : o  
1: 1 
1:3 
1:9 
1:3 
1:3 

ZONE I 

(Kcal/g) 

o 1 4  
0.6 
0,5 
a,5 
0,3 
082 
0,2 
0,3 
0.2 

ZONE I 1  

(Kcal/g) 

1.9 
2,5 
2.5 
2,7 
1.8 
1.6 
112 
1,6 
1.4 

1 2 6  



TABLE 1 

EXPER I MENTAL FLOW COND I T  IONS 

FLOW GAS RAT IO 

90-100 
90-100 
85-90 
85-90 
40 
24 
11 
90 

0: 1 
l : o  
1:1 
1:3 
1:3  
1: 3 
1:3 
1:9 
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Figure 1. Sample #4. Atmosphere: pure oxygen. 
Total flux: 98 ml/min. 
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F i g u r e  2 .  S a m p l e  # 4 .  A t m o s p h e , r e :  0 2 / N 2  (1:g). 
T o t a l  f l u x :  9 1  ml/min. 
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